In this paper, main higher-order Laue zone (HOLZ) lines over a cubic orientational triangle range in barium titanate (BaTiO3) ceramics are obtained by theoretical simulation as well as experimental observation. The tiny difference of the lattice parameters between the pure BaTiO3 and Sn-substituted Ba(Ti, Sn)3 ceramics has been observed in nanometer-sized areas. The preliminary results show that these HOLZ line patterns are useful tools in studying the microstructural fluctuations in microareas of special ceramics.
Introduction
It is well known that the excellent properties of various functional ceramics are closely related to their special microstructures. Numerous modern dielectric ceramics exhibiting diffuse phase transitions (DPTs) possess the characteristics of structure fluctuations, caused by chemical inhomogeneity in some cases, in microareas that are often less than a few nanometres big (Cross, 1987) . Furthermore, the fluctuation is so small that the relative variations of lattice parameters in nearby regions are sometimes less than a few thousandths. Therefore, such a small structure fluctuation in such microareas could be hardly detected by X-ray diffraction techniques or conventional electron microscopy.
In recent decades, BaTiO3 based ceramics have been widely used as outstanding dielectric materials as well as other functional materials. Owing to the grain boundary effects, this material may exhibit a substantial nonlinear change in electrical resistivity around the Curie point (Tc = 403 K), termed the positive temperature coefficient (PTC) effect. This effect could be explained by the formation of a potential barrier at the grain boundary. On the other hand, the dielectric constant of pure BaTiO3 showed a grain-size dependence; the maximum permitivity is attained at approximately 1 lam (Kinoshita & Yamaji, 1976; Uchino, Sadanaga & Hirose, 1989) . Referring to experimental results of X-ray diffraction, this phenomenon was explained as a model of cubic surface structure, with the bulk phase © 1997 International Union of Crystallography Printed in Great Britain -all rights reserved being tetragonal (Malbe, Mutin & Niepce, 1992; Takeuchi, Ado, Asai, Kageyama, Saito, Masquelier & Nakamura, 1994) . It was supposed that the cubic shell was as thin as a few nanometres, so that this model could not be directly verified by X-ray techniques or conventional transmission electron microscopy (TEM). As predicted, there have been opposing opinions (Begg, Vance & Nowotny, 1994) . When tin is added to BaTiO3 grains, the solid solution Ba(Ti, Sn)O3 becomes a relaxor ferroelectric with a characteristic of diffuse phase transition. But the reason for the relaxor is not clear yet.
To answer such questions, possibly, a special technique is needed to detect the tiny variation of the lattice parameters in nanometre-sized areas with enough sensitivity. Higher-order Laue zone (HOLZ) line patterns in convergent-beam electron diffraction (CBED) have the advantage in this aspect over others. Jones, Rackham & Steeds (1977) , Ecob, Shaw, Porter & Ralph (1981) and Wang, Zou & Jiao (1986) accurately measured the microarea lattice parameters by HOLZ lines.
The purpose of the present paper is to prepare HOLZ line patterns of the BaTiO3-based ceramics and explore the possibility of detecting the tiny variations of the lattice parameters in the microareas of BaTiO3-based materials.
Experimental
In this work, we prepared two kinds of ceramic specimens by conventional solid-state reaction. The starting materials are reagent-grade BaCO3, TiO2 and SnO2. Homogeneous pure BaTiO3 and Ba(Ti0.88, Sn0.12)O3 samples were obtained from conventional prefiring and sintering processes. The bulk samples were cut into slices and then ground and subsequently ion-milled. Finally, these thin samples were observed with a Philips CM 12 electron microscope at an accelerating voltage of 120 keV. The HOLZ line patterns were obtained in nanoprobe mode with an incident electron-beam diameter of about 3 nm. The effective wavelength correction was made using hot-stage with pure BaTiO3 sample as a standard, because it is cubic and the lattice constant, a=0.4012 nm, is insensitive to temperature when the temperature is a little higher than 403 K (To).
In kinematical simulation of the HOLZ lines, the atomic positions in the unit cell and the atomic scattering factors were taken into account. Besides, those reflections with strong dynamical effects in crossovers were not chosen, in order to reduce errors possibly caused by the kinematical approach. Fig. 1 shows HOLZ lines covering an orientational triangle in a cubic BaTiO3 crystal consisting of 24 strong reflections. The corresponding indices HKL, the calculated intensities relative to that of the forward scattering beam, I/Io, and the moduli of the reflections g are listed in Table 1 . Thereby, the variations of the symmetries or lattice parameters in microarea can be analysed with these HOLZ lines.
Results
Because the Debye temperature of the BaTiO3-based ceramics is low, the room-temperature HOLZ line patterns at main zone axes containing strong reflections are often obscure. In order to obtain CBED patterns with clear HOLZ lines, we utilize low-symmetry high-index zone axes such like those shown in Figs meters. The HOLZ line pattern shown in Fig. 3(a) was taken from Ba(Tio.ss, Sno.12)O3 ceramic and the corresponding simulated pattern was shown in Fig. 3(b) , with a cubic lattice constant a -4.08 A in calculation. Tables  2 and 3 list the indices and calculated relative intensities of the HOLZ lines in Figs. 2 and 3 , respectively, and the adoptions of the lattice parameters will be discussed in detail in following sections.
As the preliminary application, we comparatively investigated microarea lattice parameters of pure BaTiO3 and Sn-contained Ba (Tio.ss, Sno.12)O3 ceramics, in the same reciprocal area (or orientation). from pure and Sn-contained BaTiO3 ceramics, respectively, along nearly the same orientation denoted by circle c in Fig Undoubtedly, the lattice parameters in the two microareas are different. After the correction of effective wavelength, we simulated the HOLZ line patterns to match the experimental ones, by varying lattice constants. Referring to the previous knowledge, the lattice constant, a, b, or c, is near 4 A and the crystal system may be tetragonal or cubic in these ceramics. After a general searching, it was found that the HOLZ line patterns simulated with a = b = 3.99 and c = 4.03 ~, in
Figs. 4(b) and a = b = c = 4.08 ,~ in Fig. 5(b) are matched best with those in Figs. 4(a) and 5(a) respectively. Notice that some crossovers of HOLZ lines are very sensitive to the variation of the lattice constants. For instance, the HOLZ line pattern, simulated with cubic lattice parameter a=a0=4.01 A shown in Fig. 4(c) does not match well with that in Fig. 4(a) , which can be seen by checking the crossovers D of the HOLZ lines denoted by 7, 9, 12 and 13, and therefore the local area from which the CBED pattern was taken is not cubic with a lattice constant a = a0, but tetragonal. Moreover, from the HOLZ line pattern simulated along the orientation near the [637] zone axis in the tetragonal system shown in Fig. 4(d) , it is inferred that the related orientation of the tetragonal BaTiO3 grain is near [736] shown in Fig. 4(b) , but not the [637] direction. This is also easily recognised by checking the crossovers D, because the directions [637] and [736] are no more Tables 4 and 5 , respectively.
Discussion
As mentioned above, we determined the lattice parameters of pure tetragonal BaTiO3 in the microarea to be the values of a = b = 3.99 and c = 4.03 ,~. This result is consistent with that in a single BaTiO3 crystal. Nevertheless, it has been proposed (Begg et al., 1994) that the tetragonality c/a as well as the lattice constant, a, is variable when the particle size becomes very small or the film becomes very thin. In the present work, the HOLZ line patterns of the pure BaTiO3 phase were taken from thicker areas, which can be identified by the accompanying rocking-curve fringes of the strong reflections 1 and 2 in Figs. 4(a) . Therefore, it is understandable that the lattice parameters measured in the present work are different from those in BaTiO3 particles with very small sizes. As for the qualities of experimental HOLZ line patterns, as well as the related orientations along which the patterns obtained are concerned, the matching precision of the relative lattice constant Aa/a is about one-thousandth in the present work. The important contribution of the present work lies in that the difference of lattice parameters between the pure BaTiO3 and Sn-contained Ba (Ti0.88, Sn0.12)O3 phases in nanometre-sized areas has been detected.
Although it is only a preliminary investigation, the results demonstrate that this technique is helpful to the study of tetragonalities in A(B', B")3-based relaxor ferroelectrics. Nevertheless, it has been widely believed that the measuring accuracy of the relative lattice parameter, Aa/a, is about a few ten thousandths.
Therefore, more precise results, compared to the present work, could be obtained in BaTiO3-based ceramics, as long as more sensitive reciprocal region (or orientation) of HOLZ lines to the variation of the lattice parameter is found. In that case, the HOLZ line technique will be more effective in detecting the structural fluctuations of microareas in traditional and relaxor ferroelectrics. Such work is currently in progress.
